The authors report on the first experimental demonstration of active feedback suppression of rotating external kink modes near the ideal wall limit in a tokamak using Kalman filtering to discriminate the n = 1 kink mode from background noise. The Kalman filter contains an internal model that captures the dynamics of a rotating, growing n = 1 mode. Suppression of the external kink mode is demonstrated over a broad range of phase angles between the sensed mode and applied control field, and performance is robust at noise levels that render proportional gain feedback ineffective. Suppression of the kink mode is accomplished without excitation of higher frequencies as was observed in previous experiments using lead-lag loop compensation ͓A. The appearance of the low-n, ideal, external kink mode in tokamaks at high pressures places the most stringent limit on the maximum achievable ␤; i.e., the ratio of the volumeaveraged plasma pressure to the magnetic field pressure.
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The growth rate of the external kink is on the order of the inverse Alfvénic time scale 1 / A = v A / a, but a conducting wall at the plasma boundary can interact with the mode. The resulting plasma-wall mode is termed a resistive wall mode ͑RWM͒, and its growth rate is proportional to the magnetic flux penetration rate of the wall: 1 / w = R w / L w . It is possible to construct a wall such that w ӷ A , and several experiments have shown that a nearby conducting wall can provide access to ␤ values above the "no-wall" limit. 2, 3 Numerical modeling, theory, and experiments have also shown that the RWM may be stabilized by plasma rotation, [4] [5] [6] but the velocities required for rotational stabilization in a tokamak burning plasma experiment such as ITER may not be easily and consistently attainable. 7 Another attractive path to RWM stabilization is the use of feedback with magnetic coils to oppose the perturbed magnetic flux of the mode. Magnetic feedback stabilization of the RWM has been achieved on the High Beta TokamakExtended Pulse ͑HBT-EP͒ experiment, first with a "smart shell" scheme in which an array of radial sensor and control coils was used to imitate a perfectly conducting wall, 8 and later using an optimized mode control system that employed digital spatial and temporal filtering to detect and suppress the n = 1 mode near the ideal wall limit. 9 Success in stabilizing the RWM has also been realized in the DIII-D and NSTX experiments using similar methods. 10, 11 The mode control feedback schemes typically used spatial filtering to detect low-n components of the perturbed magnetic field, discarding n = 0 and higher-order harmonics unrelated to the RWM. However, filtering to reduce the deleterious effects of measurement noise and sensor pick-up due to other magnetohydrodynamic ͑MHD͒ activity, such as edge-localized modes ͑ELMs͒, was absent.
Several model-based mode identification algorithms, most employing a Kalman observer, 12 have been proposed
for tokamak RWM feedback and tested numerically. [13] [14] [15] [16] [17] The
Kalman filter compares the results of an internal model for the dynamics of a system with measurements of some or all of these dynamics, producing an estimate that is optimal if the measurements are tainted by Gaussian noise. All of the algorithms cited use system models that account for the dynamics of the RWM in the presence of control inputs and passive conducting structures in varying levels of detail, and show promise in increasing feedback robustness in the presence of white noise and/or that due to ELMs. The only algorithm that has been tested in a closed-loop scenario with an RWM-unstable plasma is that of In et al., 16 but using the Kalman filter did not suppress the RWM. Additionally, none have system models that account for the possibility of a rotating mode. Mode rotation is an important factor to consider when designing RWM feedback algorithms, because feedback that is out of phase with the mode can easily excite and drive the mode, rather than suppress it. 9 In cases where the rotation rate of the mode is changing on time scales close to the controller latency, the optimal phasing between applied feedback and the unstable mode may be lost.
In this letter, we report on the first use of a Kalman filter in suppressing rotating external kink modes. The filter algorithm relies on spatial and temporal filtering for a measurement of the n = 1 mode's amplitude and phase and uses a system model with only two free parameters: The mode's growth and rotation rates. Mode control feedback with the Kalman filter remains effective at noise levels that make feedback using only proportional gain ineffective.
The HBT-EP experiment 18, 19 incorporates a segmented, close-fitting conducting wall made from 20 alternating stain- less steel and aluminum sections. Each section may be independently positioned in the minor radial direction between r = 15 cm and r = 23 cm, providing access to a great range of average wall times. For the experiments described here, the wall was configured for w Ϸ 500 s.
Feedback control of external MHD activity is accomplished using an array of 20 pairs of radial control coils mounted in the gaps between the wall sections and 20 poloidal sensor coils mounted on the plasma-facing side of the stainless steel wall sections, two per section. Figure 1 shows the three-dimensional arrangement of the wall sections, control coils, and sensor coils. The array of control and sensor coils is divided into four independent feedback loops; each forms a complete toroidal circle at a constant poloidal angle and is driven by a separate field programmable gate array ͑FPGA͒ controller. The FPGAs have a sample interval of 5 s and an overall latency ͑due to the execution time of the control algorithm͒ of ϳ10 s.
As an alternative to a frequency-dependent amplitude and phase transfer function approach to designing feedback control algorithms, the Kalman filter formulation employs the concept of a system state that evolves in the time domain. 12, 20 The system state x ជ͑t͒ and the measurement of that state y ជ͑t͒ evolve according to a linear model of the form
Here, the matrices A and C contain models for the system and measurement dynamics, and w ជ and v ជ represent noise or uncertainties in the system model and the measurements. The matrix B characterizes the system response to a control input u ជ according to a prescription from Ref. 19 . Given the system dynamics matrices, noise covariances, and a set of real-time measurements, the Kalman filter provides an estimate x ជ ‫ء‬ ͑t͒ for the state of the system that is optimal if w ជ and v ជ have Gaussian probability distribution functions.
To characterize a growing, rotating instability such as the external kink mode observed in HBT-EP plasmas, the state vector contains the n = 1 sine and cosine components of the perturbed poloidal magnetic field. The system model is
with a constant, complex growth rate ␥ = ␥ 0 + i chosen to match experimental observations. Because the process of making a measurement of the n = 1 mode is well addressed by the spatial and temporal filters designed for earlier work, 9 the C matrix is taken to be the identity transformation, and the Kalman filter is situated between these filters in the control algorithm. In order to study the efficacy of Kalman filter feedback on external kink modes, current driven kinks were excited in HBT-EP by ramping the plasma current using transformer action. When the current ramp is sufficiently steep, the current density profile becomes very broad with a large edge current density. Under these conditions, rotating external kink modes that are resonant with the outermost q-surface are observed. The rotation rate of the modes is near 5 kHz, their growth rate is about 2 -3 ms −1 , and they are believed to be near the ideal wall stability limit. 9, 18 Figure 2 shows the evolution of the plasma current and edge safety factor q a for one of the discharges studied. Magnetic fluctuations with an m =3, n = 1 helicity are observed when q a Ϸ 3.
Feedback with the Kalman filter algorithm was observed to both suppress and excite the magnetic fluctuations of the mode according to the spatial phasing of the applied field relative to that of the mode ⌬⌽ f ͑see Fig. 3͒ . To produce the phase-frequency plot in Fig. 4 , the feedback phase angle was scanned in 10°increments, and three discharges were made for each setting. Fluctuations measured by a poloidal sensor coil were then Fourier analyzed and averaged together by phase angle. The results show clear regions of excitation and suppression in the 5 kHz band, separated in ⌬⌽ f -space by 180°. No significant excitation of frequencies above 8 kHz was observed at any setting of the feedback phase angle.
In order to demonstrate the Kalman filter's ability to produce reliable estimates of the mode's amplitude and phase with noisy inputs, additional noise was mixed with the sensor coil measurements in the feedback algorithm. The noise had an approximately Gaussian probability distribution 2 . ͑Color online͒ Evolutions of the plasma current and edge safety factor for a typical discharge in the feedback experiments. The external kink mode appears when q = 3 surface is near the edge of the plasma, in the range 2.0Ͻ t Ͻ 2.9 ms.
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with zero mean and a flat frequency spectrum. It was introduced after the Discrete Fourier Transform ͑DFT͒ stage in the algorithm, effectively adding a random amplitude and phase to the measured n = 1 mode. The amplitude of the added noise was chosen so that its RMS level was close to that of the signals from the sensor coils. Figure 5 shows a calculation of the cosine component of the n = 1 mode with the added noise and example output from the feedback algorithm with and without the Kalman filter. When the Kalman filter is absent from the feedback algorithm, the spatial and temporal filters remain; this case is referred to as "n = 1 mode ID." Figure 6 shows the shot-averaged frequency response in the sensor coils for the Kalman filter and n = 1 mode ID algorithms with and without any added noise. Without any extra noise, the performance of both filters in exciting and suppressing fluctuations near 5 kHz is comparable. When the noise is added, however, the Kalman filter algorithm retains its ability to excite and suppress the mode, while the n =1 mode ID algorithm does not. In summary, suppression and excitation of the external kink mode using a Kalman filter has been demonstrated. The Kalman filter estimates the amplitude and phase of an n =1 instability using a simple model of a growing, rotating mode. 6 . ͑Color online͒ A comparison of the frequency spectrum of the poloidal field for added noise experiments, for feedback off ͑solid͒, Kalman filter mode ID feedback ͑dotted͒, and n = 1 mode ID feedback ͑dashed͒ discharges. Plots ͑a͒ and ͑c͒ show suppression and excitation experiments with no added noise. Plots ͑b͒ and ͑d͒ show the suppression and excitation cases with extra noise added to the feedback algorithms. With the added noise, the algorithm without the Kalman filter loses its ability to suppress and excite the mode, while the Kalman filter algorithm does not.
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Using the Kalman filter prevents excitation at frequencies higher than that of the unstable mode, and the ability of the Kalman filter algorithm to suppress and excite the mode is not affected by presence of noise at amplitudes that disrupt proportional gain only feedback.
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